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SUMMARY
The Argonaute proteins (AGOs) are well known for their role in post-transcriptional gene silencing in the microRNA (miRNA) pathway.

Herewe show that inmouse embryonic stem cells, AGO1&2 serve additional functions that go beyond themiRNApathway. Through the

combined deletion of both Agos, we identified a specific set of genes that are uniquely regulated by AGOs but not by the other miRNA

biogenesis factors. Deletion ofAgo2&1 caused a global reduction of the repressive histonemarkH3K27me3 due to downregulation at pro-

tein levels of Polycomb repressive complex 2 components. By integrating chromatin accessibility, prediction of transcription factor bind-

ing sites, and chromatin immunoprecipitation sequencing data, we identified the pluripotency factor KLF4 as a key modulator of

AGO1&2-regulated genes. Our findings revealed a novel axis of gene regulation that is mediated by noncanonical functions of AGO pro-

teins that affect chromatin states and gene expression using mechanisms outside the miRNA pathway.
INTRODUCTION

The Argonaute (AGO) proteins are well known for their

cytoplasmic role in the microRNA (miRNA) pathway,

where they are key players involved in miRNA-mediated

translational inhibition of target mRNAs (Meister, 2013;

Müller et al., 2020). However, several noncanonical func-

tions, which are not directly linked to the cytoplasmic

miRNA-mediated post-transcriptional gene silencing,

have been described for the AGO proteins. For instance,

several studies have reported nuclear functions for the

AGO proteins, such as gene silencing and activation, alter-

native splicing, chromatin organization, and double-

strand break repair (Meister, 2013). Noticeably, most of

these functions have been reported in human cancer cell

lines and possible noncanonical functions in other con-

texts, such as mouse early development, are only just start-

ing to be understood. In fact, one study reported nuclear

localized AGO2 in mouse embryonic stem cells (mESCs)

and described a role for AGO2 in post-transcriptional

gene silencing within the nucleus (Sarshad et al., 2018).

We also recently demonstrated that nuclear AGO1 is linked

to the proper distribution of heterochromatin at pericen-

tromeric regions in mESCs (Müller et al., 2022).

In mESCs, of the four AGO proteins (AGO1–4), only

AGO1&2 are robustly expressed (Müller et al., 2020). The

deletion of either one of them does not affect the viability

of the cells nor their potential to differentiate into the three

embryonic germ layers (Ngondo et al., 2018). Upon Ago2

depletion in mESCs, AGO1 protein levels are increased
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and it forms complexes with miRNAs normally loaded in

AGO2, indicating a compensation of AGO2 loss by AGO1

and a redundancy of the two protein functions (Ngondo

et al., 2018). However, Ago2 knockout (KO) mESCs cannot

differentiate toward the extraembryonic endoderm, and

this defect could not be rescued by overexpressing AGO1

(Ngondo et al., 2018). Thus, despite their overlapping func-

tions in miRNA-mediated translational inhibition, AGO1

and AGO2 also show differences in their functional reper-

toire, raising the possibility for additional specialized func-

tions in early embryonic development.

Here, by comparing the gene expression profiles of mESC

lines depleted of key regulators of the miRNA pathway, we

show that a larger number of genes is specifically differen-

tially expressed (DE) in Ago2&1_KO mESCs (Agos-sDEGs),

and functionally associated with the positive regulation of

RNA metabolic processes. The loss of Ago2&1 in mESCs

caused a global reduction of the repressive histone mark

H3K27me3 due to downregulation of some Polycomb

repressive complex 2 (PRC2) components at the protein

level. By integrating chromatin accessibility, prediction of

transcription factor (TF) binding sites, and chromatin

immunoprecipitation sequencing (ChIP-seq) data, we iden-

tified the pluripotency factor KLF4 as a key modulator of

Agos-sDEGs and that AGO1&2 regulate KLF4 levels. In sum-

mary, our findings revealed a novel axis of gene regulation in

mESCs that is mediated by noncanonical functions of

AGO1&2, and affects chromatin states and gene expression

through the regulation of Polycomb components and TF

expression using mechanisms outside the miRNA pathway.
uthor(s).
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RESULTS

AGO1&2 regulate the expression of a class of genes in

mESCs that do not depend on the miRNA pathway

In order to assess the consequences of the loss of the AGO

proteins on mESC gene expression, we integrated available

RNA-sequencing (RNA-seq) data from (Schäfer et al., 2021)

(Table S1). Previous transcriptomics analyses in multiple

miRNA_KO and wild-type (WT) mESCs identified many

differentially expressed genes (DEGs) in all these mutants

(Schäfer et al., 2021). Here, we intersected the Ago2&1_KO

DEGs with DEGs from other miRNA_KOmESCs. We identi-

fied 1,793 Agos-sDEGs, which are not significantly altered in

any othermiRNA_KO lines (Figure 1A), ruling out the possi-

bility of direct regulation by miRNAs for these DEGs. This

observation was surprising, as Ago2&1_KO mESCs grow as

flat-shaped colonies (Figure S1A), have a normal expression

of pluripotency factors at the RNA level (Figure S1B), and

present a strong proliferation defect (Figure S1C) and an

accumulation in the G1 phase of the cell cycle (Figure S1D),

all phenotypes being similar to those observed in othermiR-

NA_KO mESC lines (Bodak et al., 2017a).

More than half (1045) of theAgos-sDEGswere downregu-

lated and 748 were upregulated (Figure 1B and Table S1).

Since a loss of miRNA-mediated repression leads to

increased target levels, the high number of downregulated

genes again argues against an miRNA-mediated regulation

and implies that they might be attributed to AGO-specific

functions. Importantly, the deficiency of both AGO1&2

inmESCs caused this distinct transcriptomic profile, as sin-

gle Ago1_KO and Ago2_KOmESCs only had a few DEGs, as

previously reported (Figures S1E, S1F, and Table S1)

(Ngondo et al., 2018). Further, the overlap between the sin-

gle Ago1_KO and Ago2_KO DEGs was rather small, which

supports only a partial compensatory role for AGO1 and

AGO2 functions (Figure S1G).

In order to understand which pathways are affected in

mESCs upon combined loss of AGO1&2, we performed

gene ontology (GO) analysis of Agos-sDEGs and found

that they were enriched in processes linked to nuclear pro-

cesses, RNA metabolism, and positive transcriptional gene

regulation (Figure 1C). Interestingly, these processes

differed from the same analysis performed on the previ-

ously reported 707 miRNA target genes (Schäfer et al.,

2021), which were enriched for processes linked to the

regulation of biosynthetic and metabolic processes as well

as cell cycle regulation (Figure 1D). Finally, the enrichment

of specific processes was to a great extent due to the genes

downregulated in Ago2&1_KOmESCs, as shown by the GO

analysis performed separately for up- and downregulated

genes (Figures S1H and S1I).

Thus, the function of AGO proteins is not only related

to post-transcriptional gene silencing, but also to func-
tions that are probably independent of the miRNA

pathway.

Combined loss of AGO1&2 inmESCs causes global loss

of H3K27me3

To determine how the combined depletion of Ago2&1 af-

fects gene expression in mESCs, we intersected

Ago2&1_KO RNA-seq and ENCODE histone ChIP-seq

from mESCs with the same genetic background (Fig-

ure 2A). We analyzed the abundance of repressive and

active histone marks (H3K9me3 & H3K27me3; H3K9ac,

H3K36me3, & H3K4me3) and, enhancer marks

(H3K4me1 & H3K27ac) at up- and downregulated Agos-

sDEGs. As control, we measured these modifications at

predicted functional miRNA targets and expressed genes

in mESCs. We detected only minor differences for active

histone marks and an enrichment of H3K4me1,

H3K27ac, and H3K27me3 at upregulated Agos-sDEGs

compared with downregulated genes and expressed genes

(Figure 2A). Further, H3K27me3 at Agos_sDEGs rather

correlated with the loss of AGO proteins as opposed to

miRNA target genes, which are rather enriched in active

histone marks (Figure 2A).

To determine whether the combined loss of AGO1&2

affects H3K27me3 levels and gene expression, we first

measured and compared the global levels of several his-

tone marks in Ago2&1_KO and WT mESCs by Western

blotting (WB) (Figure 2B). We observed a drastic reduction

of H3K27me3 signal in Ago2&1_KO compared with WT

mESCs, whereas the levels of other modified histones,

such as H3K9me3, H3K27ac, and H3K4me3, were not

particularly affected. These results indicated that the com-

bined loss of AGO1&2 globally decreased H3K27me3

levels. PRC2 is the complex involved in the deposition

of H3K27me3 mark (Margueron and Reinberg, 2011). It

was recently reported in cancer cells that miRNAs rein-

force the repression of PRC2 transcriptional targets

through independent and feedforward regulatory net-

works (Shivram et al., 2019). In addition, several members

of the PRC2 complex have been shown to be directly

regulated by miRNAs in Drosophila (Kennerdell et al.,

2018), but not in mESCs deleted for Dicer, excluding a

direct regulation by miRNAs (Graham et al., 2016). In or-

der to assess the integrity of the PRC2 complex in

Ago2&1_KO mESCs and the potential contribution of

miRNA regulation, we measured the expression of three

PRC2-components, SUZ12, EZH2, and JARID2, in miR-

NA_KO mESC lines. SUZ12 and JARID2, and to a lesser

extent also EZH2, were specifically downregulated at the

protein level (Figure S2A), but not at the RNA level (Fig-

ure S2B), in Ago2&1_KO compared with WT mESCs. The

analysis of RNA levels of other PRC2 members showed

no significant changes (Figure S2B). In contrast, and
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Figure 1. Ago2&1_KO mESCs display a
distinct transcriptomic profile
(A) Venn diagram representing the overlap of
differentially expressed genes (DEGs) from
different miRNA_KO mESCs (Dgcr8_KO, Drosh-
a_KO, Dicer_KO, Ago2&1_KO) and the 707
miRNA targets from Schäfer et al. (2021).
Numbers indicate the gene set sizes of
different overlaps. Ago2&1_KO mESCs have
1,793 specific DEGs (Table S1).
(B) Volcano plot showing the Ago2&1_KO
DEGs and the 1793 specific DEGs. The full set
of Ago2&1_KO DEGs is shown in gray. High-
lighted in red are the upregulated (748) and
in blue the downregulated (1,045) Agos_s-
DEGs.
(C) GO analysis on the 1,793 Agos_sDEGs. The
GO analysis has been performed with ClueGO
(Bindea et al., 2009). The size of the circles
corresponds to their p value.
(D) GO analysis on the 707 specific miRNA
target genes predicted in Schäfer et al.
(2021). The GO analysis has been performed
with ClueGO. The size of the circles corre-
sponds to their p value. See also Figure S1.
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Figure 2. Integration of the Ago2&1_KO transcriptome with histone modification datasets
(A) Heatmap showing average histone modification signals at gene regions as derived from ENCODE datasets for five different gene groups;
up- and downregulated Agos_sDEGs, 707 predicted functional miRNA target genes from Schäfer et al. (2021), mESC-expressed and -anno-
tated genes. Histone marks were annotated with their previously described predominant functions (Bannister and Kouzarides, 2011):
repressive (H3K27me3, H3K9me3), enhancing (H3K4me1, H3K27ac), activating (H3K36me3, H3K4me3). Columns were individually Z
score normalized.
(B) Representative WBs for H3K27me3, H3K9me3, H3K4me3, H3K27ac, and H3 in WT and Ago2&1_KO mESCs out of n = 3 independent
experiments. Tubulin (TUB) and Coomassie were used as a loading control. Quantification for each individual experiment is shown below
the blot.

(legend continued on next page)
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consistent with previous results (Graham et al., 2016), we

did not observe significant changes in PRC2 members at

protein and mRNA levels in the other miRNA_KO mESC

lines. These results indicated that AGO1&2 globally regu-

late H3K27me3 levels by affecting the protein levels of

key components of the PRC2 complex using mechanisms

that are independent of the canonical miRNA pathway.

We next analyzed whether the observed differential

H3K27me3 levels might affect gene expression. We per-

formed H3K27me3 ChIP-seq in WT and Ago2&1_KO

mESCs (Figure 2C) and compared it with available

H3K27me3 ChIP-seq data from ENCODE (Davis et al.,

2018; The ENCODE Project Consortium et al., 2013).

We found a clear overlap between the two WT ChIP-seq

data (Figures 2C and 2D). Consistent with WB

analysis, ChIP-seq data confirmed a genome-wide loss of

H3K27me3 in Ago2&1_KO mESCs. In order to determine

whether H3K27me3 loss correlates with changes in the

expression of the Ago2&1_KO DEGs, we clustered ChIP-

seq levels at transcript regions using k-means (k = 4)

clustering (Table S2) (Ramı́rez et al., 2016). The first cluster

(cluster_1) represents the genes most strongly enriched in

H3K27me3 in WT and highly overlaps with known biva-

lent genes in mESCs (Asenjo et al., 2020) (Figures 2C and

S2C, and Table S2), while the second, third, and fourth

clusters represent transcripts with minor H3K27me3

levels.

We expected the loss of the repressive histone mark

H3K27me3 to lead to an observable upregulation of associ-

ated genes. Indeed, genes from clusters with strong loss in

H3K27me3 levels (clusters 1 and 2) showed a tendency to

be upregulated (Figures 2E and 2F). In contrast, genes,

not marked with H3K27me3 (clusters 3 and 4), showed

no enrichment for upregulation upon AGO1&2 loss

(Figures 2E and S2F). However, only 14%of the upregulated

genes and 11% of the downregulated genes belong to clus-

ter_1 (Figures 2E, S2D, and S2E, and Table S4). These results

suggest that the loss of H3K27me3 has a minor impact on

the expression ofAgos_sDEGs. Thus, other pathwaysmight

be specifically affected in the absence of the AGO proteins

to explain Agos_sDEGs.
(C) H3K27me3 ChIP-seq heatmaps of the TSS for all annotated mous
ENCODE WT (Davis et al., 2018; The ENCODE Project Consortium et al.
divided using k-means clustering (k = 4, Table S2). Shown are ±5 kb
(D) Genome browser view of a region derived from transcripts from clu
from (C) along with annotated genes in that region (bottom).
(E) Cumulative Distribution Function (CDF) plot showing the different
different ChIP peak clusters identified in the ENCODE and WT datasets.
WT RNA-seq and the y axis the cumulative proportion over the full se
(F) Genome browser view of two example genes from cluster_1 (Cldn6
and Ago2&1_KO (one sample per experiment and condition). The y axis
or the expression levels of the RNA-seq in gray. See also Figure S2.

1074 Stem Cell Reports j Vol. 17 j 1070–1080 j May 10, 2022
Loss of AGO1&2 affects chromatin accessibility in

mESCs

To determine how AGOs affect gene expression,

we measured chromatin accessibility by Assay for

Transposase-Accessible Chromatin with high-throughput

sequencing (ATAC-seq) (Buenrostro et al., 2013). We iden-

tified 3,137 regions exhibiting significant differential

accessibility (DA) in Ago2&1_KO versus WT (2,290 with

increased accessibility, 847 with decreased accessibility)

(Figures 3A and S3A, and Table S2). In contrast, only minor

differences in chromatin accessibility were observed in sin-

gle AGO mutants, suggesting that only the combined loss

of AGO1&2 can affect chromatin structure of mESCs

(Figures S3B and S3C). These observations are in parallel

with the changes observed at the transcriptomic level in

thesemutant cell lines, where Ago2&1_KO, but not the sin-

gle KO mutants, exhibited a strongly perturbed transcrip-

tome (Figures S1A and S1B), suggesting that Agos_sDEGs

might at least be partially explained by changes in chro-

matin accessibility.

Next, we retrieved genes that were associated with signif-

icant DA regions (Table S2) at their promoter regions and

studied their DE in Ago2&1_KO mESCs. The DE of genes

with increased chromatin accessibility showed a strong

enrichment for increased expression, while genes with

decreased chromatin accessibility showed a tendency for

decreased expression levels (Figure S3D). The difference be-

tween theDE distributions of the two groups showed statis-

tical significance (t test p < 1.8e-5). Nevertheless, out of the

384 genes that showed increased chromatin accessibility,

only 21 were Agos_sDEGs and only 14 of them were upre-

gulated (Figures S3D and S3E, Tables S2 and S4). Further,

none of the downregulatedAgos_sDEGs showed significant

decrease in promoter accessibility (Figures S3E and S3G).

Thus, chromatin opening at gene promoter regions alone

is not sufficient to explain the Agos_sDEGs.

KLF4 regulates the majority of Agos_sDEGs

While chromatin accessibility can influence TF binding

(Spitz and Furlong, 2012), TF binding has conversely

been suggested to modulate chromatin accessibility in
e transcripts. Shown is one replicate per condition/experiment for
, 2013), WT and Ago2&1_KO samples. Shown transcript regions are
from the TSS.
ster_1. ChIP-seq coverage signals are shown for the three samples

ial expression in Ago2&1_KO versus WT of genes associated with the
The x axis represents the log2FoldChange of the Ago2&1_KO versus
t of log2FoldChanges for each cluster.
and Lefty2) showing both ChIP-seq and RNA-seq coverages for WT
represents the deposition of H3K27me3 (for the ChIP-seq in green)
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many cases (Baek et al., 2017), potentially affecting the

expression of associated genes. To assess whether TFsmight

mediate differential chromatin accessibility, we analyzed

the DA specifically at promoter and enhancer regions

(González-Ramı́rez et al., 2021). We observed an increased

chromatin accessibility at these regulatory elements in

Ago2&1_KO mESCs (Figures 3B and 3C), suggesting

increased TF activity. Next, we integrated our chromatin

accessibility data with motif-based TF binding site (TFBS)

predictions using quantification of differential transcrip-

tion factor activity and multiomics-based classification

into activators and repressors (diffTF) (Figure 3D and

Table S3) (Berest et al., 2019). Notably, five TFs (CTCF,

KLF4, ERR2, REST, andMYC) showed highly significant dif-

ferential binding (Figure 3D and Table S3), which might

impact gene expression of their downstream targets in

Ago2&1_KO mESCs. To assess this impact, we further asso-

ciated the motif-based TFBS predictions from diffTF with

genes, based on promoter- (transcription start site [TSS]-dis-

tance <1 kbp) and enhancer-proximity (González-Ramı́rez

et al., 2021), and compared DA at TFBS with DEG

(Figures 3E and 3F, Tables S3 and S4). For most TFs, a

notable positive correlation between DA and DE was

observed, indicating that differential binding of TFs can

affect the expression of Agos_sDEGs. Combined, the five

identified TFs positively correlate with around 17% of

Agos_sDEGs (152 up- and 137 downregulated), fromwhich

CTCF and KLF4 binding sites correspond to the largest

portion of them (149 and 147 genes respectively,

Figures 3E and 3F, Tables S3 and S4). CTCF is well known

for its role in chromatin looping and organization (Oude-

laar and Higgs, 2021). KLF4 has also been linked to chro-

matin organization during the reprogramming of mouse

embryonic fibroblasts (MEFs) to induced pluripotent stem

cells (iPSCs) by conferring enhancer-promoter contacts

(Campigli et al., 2019). Thus, altering CTCF and KLF4 levels

or their binding site accessibility might affect the interac-

tion of regulatory elements and the underlying gene

expression. We did not observe a change in CTCF expres-

sion at RNA or protein levels by qPCR and by WB in
Figure 3. Integration of the Ago2&1_KO transcriptome with chro
(A) Heatmap and profile plots for WT and Ago2&1_KO chromatin acces
with 3-kbp margins are shown for the full set of annotated transcript
(B and C) Average signal of chromatin accessibility at TSS/promoter
Ramı́rez et al., 2021) for WT and Ago2&1_KO samples as assessed by
(D) Volcano plot of differential chromatin accessibility (DA) at TF bin
et al., 2019) (Table S3). The x axis shows the difference in chromatin
the red area denotes an increase in chromatin accessibility in the Ago
activators (green) or repressors (red) according to the DA at their bin
(E and F) Scatterplots showing differential expression (RNA-seq) versu
five TFs with most significant DA binding sites from (D). TFBS were asso
or enhancer proximity (F) (González-Ramı́rez et al., 2021). Genes are
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Ago2&1_KO mESCs (Figures S4A and S4B). In contrast,

KLF4 was significantly downregulated in Ago2&1_KO

compared with WT mESCs (Figures 4A, S4C and

Table S1), suggesting that the decrease in KLF4 levels might

affect gene expression. To determine whether CTCF and

KLF4 are associated with the promoter and enhancers of

Agos_sDEGs, we analyzed published CTCF- and KLF4-

ChIP-seq performed in mESCs (Campigli et al., 2019;

Nora et al., 2017). Consistent with the increase in chro-

matin accessibility at CTCF-TFBS in Ago2&1_KO cells (Fig-

ure 3D), we observed that the number of CTCF-bound pro-

moters and enhancers was higher for the upregulated

Agos_sDEGs (35%, 260) than for the downregulated ones

(19%, 201) (Figure 4B and Table S4). Remarkably, the anal-

ysis of KLF4-ChIP-seq data revealed a much larger fraction

of the promoter and enhancer regions of Agos_sDEGs that

were bound by KLF4 (upregulated genes, 497, 73%; down-

regulated genes, 550, 47%), suggesting a major role in the

regulation of Agos_sDEGs (Figures 4C–4E and Table S4).

In conclusion, the intersection of transcriptomic, chro-

matin accessibility, TF binding predictions, and ChIP-seq

data identified AGO1&2 as regulators of gene expression

in mESCs through the regulation of KLF4, a master regu-

lator of pluripotency.
DISCUSSION

Given that DGCR8, DROSHA, DICER, and AGO1&2 are

involved in the canonical miRNA biogenesis pathway,

one might assume that their KOs would lead to similar

transcriptomic perturbations. Consistent with previous re-

sults (Schäfer et al., 2021), DEGs in Ago2&1_KO showed

strong similarities to Dicer_KO, but not to Dgcr8_KO or

Drosha_KO. This might be partially attributable to nonca-

nonical miRNA pathways, which function independently

of the Microprocessor (DGCR8/DROSHA), but still require

DICER and the AGOproteins (Bodak et al., 2017a). Further-

more, AGO2 protein levels are strongly reduced in miR-

NA_KO mESCs due to its targeted proteasome degradation
matin accessibility and TF binding
sibility as assessed by ATAC-seq. TSS to transcription end sites (TES)
s. Representative samples of biological duplicates are shown.
regions (B) and enhancer regions (C), as annotated by (González-
ATAC-seq.
ding sites (BS) for 88 expressed TFs as computed by diffTF (Berest
accessibility between Ago2&1_KO and WT ATAC-seq samples, where
2&1_KO samples and the blue area a decrease. TFs are annotated as
ding sites and their expression levels, based on RNA-seq data.
s DA of potential target genes associated with TFBS from (D) for the
ciated with genes by promoter proximity (E, <1 kbp distance to TSS)
denoted in orange if they are Agos_sDEGs. See also Figure S3.
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in the absence of miRNAs (Bodak et al., 2017b; Smibert

et al., 2013). Some miRNA-independent AGO-mediated

functions might therefore also be partially affected in miR-

NA_KO mESC lines. Indeed, we also observed a downregu-

lation of Klf4 in Dicer_KO mESCs (Table S1). Surprisingly,

despite these similarities, comparing DEGs between

Ago2&1_KO and other miRNA_KO mESCs revealed a large

number of DEGsthat were specific to individual mutants

and especially toAgo2&1_KO (Figure 1A), indicating poten-

tial miRNA-independent AGO-specific functions. AGO-

specific functions have already been described in cancer

cell lines and more recently also in mESCs (Meister, 2013;

Müller et al., 2022; Sarshad et al., 2018). Interestingly, mu-

tation of a single Ago gene had very little impact on gene

expression (Figure S1A) (Müller et al., 2022). Given the

strong observed perturbation in the Ago2&1_KO transcrip-

tome, it might indicate that AGO1&2 have global compen-

satory functions in mESCs that can be identified through

the deletion of both.

The integrative analyses of differential chromatin accessi-

bility at predicted TFBS revealed a strong regulatory poten-

tial of two TFs, CTCF, and, in particular, the pluripotency

factor KLF4 that candisplay both an activating and a repres-

sive function (Bialkowska et al., 2017). We found that KLF4

binds the promoter of about 50% to 70% of up- and down-

regulated Agos_sDEGs, respectively. Importantly, we also

observed that the expression of KLF4 is strongly reduced

inAgo2&1_KOmESCs. KLF4 is a pluripotency factor, which

has been reported to occupy promoters of other key plurip-

otent TFs, thereby affecting their expression and vice versa

(Bialkowska et al., 2017; Jiang et al., 2008).

KLF4 has also been implicated in genome reorganization

in mESCs and important functions in conferring enhancer

connectivity. There, the disruption of KLF4 and its binding

sites inmESCs showed an abrogation of enhancer contacts,

which consequently decreased expression levels of associ-

ated genes (Campigli et al., 2019). The loss of KLF4, along

with many AGO1&2-regulated genes in our study, poten-

tially may lead to alterations in chromatin conformation,

which might be linked directly or indirectly to the AGO
Figure 4. Identification of KLF4 and CTCF targets and complete in
(A) Representative WB (top) for KLF4 in WT and Ago2&1_KO mESCs a
***p < 0.001, unpaired t test.
(B and C) Venn diagrams of genes identified by CTCF (B) and KLF4
associated with genes by promoter proximity (TSS <1,000 bp, green ci
by González-Ramı́rez et al. [2021]). Different Venn diagrams are show
only statistically significant Ago2&1_KO DE-Gs are considered.
(D and E) UpSet plots of upregulated (D) and downregulated (E) Agos_s
as studied in this paper (Table S4). The dot-connected lines indicat
denotes the total number of genes explained by that combination. T
explained by each individual analysis (these are thus redundant wit
analysis (red box, and top-most bar on the right) alone already expla
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proteins. Indeed, previous studies already pointed toward

potential alterations of the chromatin conformation linked

to the AGOproteins (Moshkovich et al., 2011; Shuaib et al.,

2019). Our study further supports a potential role for the

AGO proteins in the modulation of chromatin conforma-

tion. Thus, mESCs might provide a unique opportunity

to further investigate chromatin-related functions of the

AGOs in mammals.

In conclusion, our study revealed noncanonical func-

tions of AGO1&2 inmESCs that do not overlapwith the ca-

nonical miRNA pathway and revealed a novel axis of gene

regulation through the transcription factor KLF4.
EXPERIMENTAL PROCEDURES

Detailed methods are provided in the supplemental experimental

procedures.

Mouse ESC lines
WT and miRNA_KO mESC lines were all generated in the Ciaudo

lab in the E14 129/Ola background and were cultured as described

in Schäfer et al. (2021).

RNA-seq, ChIP-seq, and ATAC-seq
All procedures, from library preparation, sequencing, and analysis,

are detailed in the supplemental information.

Data and software availability
All data and software used in this paper are listed in the supple-

mental information. Data visualization has been performed with

the tools described in the supplemental information. If not

mentioned otherwise, graphs have been generated by using

PRIMS.

All omics datasets generated in this study have been deposited in

the NCBI Gene Expression Omnibus under the accession number

GSE185410 (H3K27me3 ChIP-seq and ATAC-seq).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2022.03.014.
tegration
nd quantification (bottom) out of n = 3 independent experiments,

(C) ChIP-seq peak analysis with Agos_sDEGs. ChIP-seq peaks were
rcle) and by enhancer-proximity (overlap with annotated enhancers
n for upregulated (top) and downregulated (bottom) gene sets and

DEGs explained by one or multiple combined regulatory mechanisms
e which gene explanation sets were combined and the bar above
he bars on the right indicate the total number of explained genes
h the columns representing a single dot). Notably, KLF4 ChIP-seq
ined the majority of all explained genes. See also Figure S4.
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like factors in mammalian stem cells and development. Develop-

ment 144, 737–754.

Bindea, G., Mlecnik, B., Hackl, H., Charoentong, P., Tosolini, M.,

Kirilovsky, A., Fridman, W.H., Pagès, F., Trajanoski, Z., and Galon,

J. (2009). ClueGO: a cytoscape plug-in to decipher functionally
grouped gene ontology and pathway annotation networks. Bioin-

formatics 25, 1091–1093.

Bodak, M., Cirera-Salinas, D., Luitz, J., and Ciaudo, C. (2017a). The

role of RNA interference in stem cell biology: beyond the mutant

phenotypes. JMB 429, 1532–1543.

Bodak, M., Cirera-Salinas, D., Yu, J., Ngondo, R.P., and Ciaudo, C.

(2017b). Dicer , a new regulator of pluripotency exit and LINE-1 el-

ements in mouse embryonic stem cells. FEBS Open Bio. 7, 204–

220.

Buenrostro, J.D., Giresi, P.G., Zaba, L.C., Chang, H.Y., and Green-

leaf, W.J. (2013). Transposition of native chromatin for fast and

sensitive epigenomic profiling of open chromatin, DNA-binding

proteins and nucleosome position. Nat. Methods 10, 1213–1218.

Campigli, D., Giammartino, D., Kloetgen, A., Polyzos, A., Liu, Y.,

Kim, D., Murphy, D., Abuhashem, A., Cavaliere, P., Aronson, B.,

et al. (2019). KLF4 is involved in the organization and regulation

of pluripotency-associated three-dimensional enhancer networks.

Nat. Cell Biol. 21, 1179–1190.

Davis, C.A., Hitz, B.C., Sloan, C.A., Chan, E.T., Davidson, J.M.,

Gabdank, I., Hilton, J.A., Jain, K., Baymuradov, U.K., Narayanan,

A.K., et al. (2018). The Encyclopedia of DNA elements

(ENCODE): data portal update. Nucleic Acids Res. 46, D794–D801.
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